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Abstract 

In nanoimprint lithography, a surface oxidation process is needed to produce an effective poly(dimethylsiloxane) 
coating that can be used as an anti-adhesive surface of template molds. However, the conventional 
photooxidation technique or acidic oxidative treatment cannot be easily applied to polymer molds with 
nanostructures since surface etching by UV radiation or strong acids significantly damages the surface 
nanostructures in a short space of time. In this study, we developed a basic oxidative treatment method and 
consequently, an effective generation of hydroxyl groups on a nanostructured surface of polymer replica molds. 
The surface morphologies and water contact angles of the polymer molds indicate that this new method is 
relatively nondestructive and more efficient than conventional oxidation treatments. 



Introduction 

Recently, nanoimprint lithography [NIL] has attracted 
increasing attention as a facile technique for patterning 
polymer nanostructures [1-3]. The principle of NIL is 
very simple and described in detail elsewhere [1]. A 
hard mold with nanoscale surface-relief features is 
pressed onto a polymer cast at controlled temperature 
and pressure, which creates replica patterns on the poly- 
mer surface. Mold materials normally used for NIL 
include silicon, silicon dioxide, silicon nitride, or metals 
such as nickel, and the surface nanostructures are typi- 
cally fabricated using various lithographic, electrochemi- 
cal, and etching techniques [1,4-6]. While these 
conventional inorganic molds are thermally and 
mechanically stable [7], they often easily break due to 
their stiffness when pressed or removed. The large mis- 
match of thermal expansion between stiff inorganic 
molds and polymeric films is also problematic. For these 
reasons, several attempts have been made to use soft 
and flexible molds made from polymeric materials [8]. 
Various elastomeric polymers such as poly(dimethylsi- 
loxane) [PDMS] were used for this purpose [9-11]. 
However, due to the innate softness of these materials 
with low elastic modulus, e.g., 2 to 4 MPa for PDMS, 
the molds tended to deform when pressure was applied, 
and hence, these materials were not suitable for 
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imprinting nanoscale features. Stiffer polymeric molds 
with a higher mechanical strength such as urethane- 
[12,13] and epoxide-based [14,15] polymer molds were 
therefore introduced. For example, the Norland Optical 
Adhesives (NOA63, Norland Products, Cranbury, NJ, 
USA), a urethane-based UV-curable polymer, is a plausi- 
ble candidate due to its good mechanical properties and 
high Young's modulus (approximately 1, 655 MPa) [16]. 
The urethane- and epoxide-based polymers, however, 
possess high surface energies, leading to strong adhesion 
of the molds to the imprinted surface. Consequently, 
the mold surface must be coated with an anti-adhesive 
layer. Recently Kim et al. introduced the PDMS coating 
technology onto various hard and soft molds including 
these stiffer polymers. The PDMS-coated molds showed 
good surface properties, i.e., low surface energy and low 
adhesion properties, like normal PDMS molds [17,18]. It 
was previously reported that to create a strong and 
highly stable PDMS coating, the oxidized polymer sur- 
face must be treated with 3-aminopropyltriethoxysilane 
[APTES] before PDMS deposition. The hydroxyl groups 
on the oxidized polymer surface can bind strongly with 
APTES by silanization, and subsequent PDMS deposi- 
tion forms strong covalent bonds between the aminosi- 
lane (APTES)-treated surface and monoglycidyl ether- 
terminated PDMS through epoxy-amine chemistry 
[17,18]. A well-established technique for surface oxida- 
tion and consequent generation of terminal hydroxyl 
groups for various semiconductors is the piranha soak 
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(sulfuric acid and hydrogen peroxide mixed solution) 
[1]. This approach, however, cannot be applied to poly- 
mer surfaces since most polymeric materials are highly 
vulnerable to strong acids. Photooxidation using UV- 
oxygen treatment has been reported as an alternative 
[17,18]. However, this approach is also destructive 
[19,20], and the polymer surfaces are rapidly etched 
before the formation of surface hydroxyl groups is opti- 
mized. In this study, we developed a relatively nondes- 
tructive oxidation approach using a mixed solution of 
ammonium hydroxide and hydrogen peroxide for the 
generation of hydroxyl groups on NOA63 polymer sur- 
faces and compared the effectiveness of this method 
with that of previously reported photooxidation 
approaches. 

Experimental details 

A nano-patterned NOA63 replica mold was fabricated 
using a pre-patterned anodic aluminum oxide [AAO] 
master mold. The ordered AAO nanohole structures 
(Figure la) with a pore diameter of approximately 65 
nm and depth of approximately 220 nm were prepared 
via a two-step anodization process, employing 0.3 M of 
oxalic acid as an electrolyte at an anodization voltage of 
40 V. The surface of the AAO nanoholes was then 
coated with an ether-terminated PDMS (M n = 5, 000; 
Sigma- Aldrich, St. Louis, MO, USA) layer using a coat- 
ing method previously described [17] for anti-adhesion. 
Using the PDMS-coated AAO template as a master 
mold, a NOA63 polymer replica mold was prepared. 
The UV curable NOA63 polymer precursor was spread 
on the AAO mold and then pressed using a flexible 
polyethylene terephthalate [PET] film. After curing with 
UV radiation (A = 365 nm) for 1 h, the replica mold 
was peeled off, providing a surface nanopillar-patterned 
NOA63 polymer layer formed on a PET film (Figure 



lb). For the generation of surface hydroxyl groups, the 
NOA63 replica mold was oxidized using two different 
oxidation methods, photooxidation and basic oxidative 
treatment, for comparison. Photooxidation was per- 
formed using UV radiation at a peak wavelength of 254 
nm and power of 15 mW/cm 2 (SUV110GS-36, SEN 
LIGHTS Corporation, Toyonaka, Osaka, Japan). For the 
basic oxidative treatment, the NOA63 mold was 
immersed into a mixture of ammonium hydroxide (25 
wt.%), hydrogen peroxide (28 wt.%), and distilled water 
in a volumetric ratio of 1:1:5 and kept at 80°C for var- 
ious periods of time. The mold was then rinsed with 
deionized water and blown dry with N 2 gas. Afterward, 
the replica molds oxidized with both methods were 
immersed into a 0.5-wt.% APTES (99%; Sigma- Aldrich, 
St. Louis, MO, USA) aqueous solution for 10 min, 
which was followed by PDMS coating. The surfaces of 
the replica molds were analyzed ex situ using a field 
emission scanning electron microscope [FE-SEM] (JEOL 
JSM-7410F, JEOL Ltd., Akishima, Tokyo, Japan) and a 
contact angle analyzer (Phoenix 300 System, PHOENIX 
Restoration Equipment, Madison, WI, USA). 

Results and discussion 

Figure 2 shows FE-SEM images of the surface of sam- 
ples treated with photooxidation for different periods of 
time. Short exposure to UV radiation, e.g., 1 min (Figure 
2a), did not significantly alter the surface, except that a 
couple of neighboring nanopillars tended to adhere to 
one another, implying that intermolecular interactions 
between adjacent pillars increased as the number of sur- 
face hydroxyl groups increased. After 2 min of treat- 
ment (Figure 2b), individual nanopillars were hardly 
observed, and the surface was covered with irregular- 
shaped, agglomerated pillars that ranged in size from 80 
to 350 nm. As the treatment proceeded, the surface 
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Figure 2 FE-SEM images of NOA63 replica mold surfaces 
treated with photooxidation. Representative FE-SEM images of 
NOA63 replica mold surfaces treated with photooxidation for (a) 1, 
(b) 2, (c) 4, and (d) 8 min. 



etching as well as the generation of hydroxyl groups 
continued as shown in Figure 2c. The FE-SEM image 
indicated that the surface was entirely etched off, and its 
nanostructures completely disappeared after 8 min of 
photooxidation treatment (Figure 2d). In contrast, the 
surface nanostructures were retained for a relatively 
long time when the basic oxidative treatment was used 
(Figure 3). As with photooxidation, the initial basic 
treatment, e.g., 5 min of treatment (Figure 3a), resulted 
in adhesion between neighboring nanopillars. After 10 
min of treatment, the whole surface was covered with 
agglomerated pillars that ranged from 100 to 300 nm in 
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Figure 3 FE-SEM images of NOA63 replica mold surfaces 
oxidized by basic oxidative treatment. Representative FE-SEM 
images of NOA63 replica mold surfaces oxidized by basic oxidative 
treatment for (a) 5, (b) 10, (c) 15, and (d) 30 min. 



size (Figure 3b), which was similar to the 2-min photo- 
oxidation-treated surface (Figure 2b). FE-SEM images of 
the surface of the sample treated for 15 min showed 
that the pillar agglomeration and surface deformation 
continually progressed (Figure 3c), and after 30 min of 
treatment (Figure 3d), the nanostructures completely 
disappeared, as was observed after 8 min of photooxida- 
tion treatment (Figure 2d). 

The extent of the surface oxidation and hydroxyl 
group generation can be evaluated by measuring the 
water contact angle [17]. An increase in the amount of 
hydroxyl groups generated on the surface leads to more 
effective binding with APTES and subsequent PDMS 
and consequently produces a more hydrophobic surface. 
Figure 4 shows the results of the surface contact angle 
measurements. The measurements were carried out 
after APTES silanization and PDMS coating on samples 
oxidized by either UV radiation or basic oxidative treat- 
ment. The change in contact angle at longer oxidation 
times was consistent with changes in surface morphol- 
ogy observed by FE-SEM (Figures 2 and 3). The water 
contact angle of the sample not subjected to oxidation 
treatment was 95° ± 2° (Figure 4a). Figures 4b to 4e 
show the contact angles for the samples treated with 
UV radiation, and Figures 4f to 4i show the contact 
angles for the samples treated with basic oxidative solu- 
tion. The angles for the samples oxidized by both treat- 
ments increased initially and then decreased at a time 
point when the surface was etched off. In the case of 
UV photooxidation, a maximum contact angle of 109° ± 
2° was observed for the 2 min-treated sample. In con- 
trast, the maximum contact angle was 121° ± 2° when 
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Figure 4 Water contact angles of the PDMS-coated NOA63 
replica molds. Prior to silanization and PDMS coating, the molds 
were oxidized by UV radiation for (a) 0, (b) 1, (c) 2, (d) 5, and (e) 8 
min and by basic oxidative treatment for (f) 2, (g) 5, (h) 10, and (i) 
30 min. The contact angle values are plotted as a function of 
oxidation time. 
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the sample was oxidized for 5 min for the basic oxida- 
tive treatment. These results indicate that hydroxyl 
groups on nanostructured NOA63 polymer surface are 
more effectively generated using basic oxidative treat- 
ment than UV photooxidation. This can be explained 
that during UV photooxidation, there was not enough 
time for sufficient generation of surface hydroxyl groups 
due to the rapid and drastic surface etching by the UV 
radiation. 

Conclusions 

In conclusion, a novel surface oxidation method using a 
basic oxidative solution was successfully developed for 
the generation of hydroxyl groups on a nanostructured 
NOA63 polymer surface. In comparison with the pre- 
viously reported UV photooxidation method, this new 
method is relatively nondestructive and more effective 
based on changes in the surface morphology and con- 
tact angle. 
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